INTRODUCTION
Four-way junction DNA (4H DNA; abbreviated nomenclature defined by NC-IUBMB; 1) is a synthetic DNA molecule proposed to mimic the in vivo structure of homologous recombination intermediates (i.e. the Holliday junction) (2) , as well as DNA repair and site-specific recombination intermediates (reviewed in 3). Because of mechanistic similarities between genetic recombination and retroviral integration events (4), 4H DNA-like structures have also been postulated to mimic intermediates in the latter process. Furthermore, supposed structural similarities have also led workers to suggest that 4H DNA resembles the converging DNA crossover strands at the entrance and exit sites of nucleosomes (5) (6) (7) (8) .
A number of structural (i.e. non-enzymatic) proteins with quite different DNA-binding motifs have been isolated from eukaryotic nuclei that preferentially bind to 4H DNA in vitro. Among these chromatin proteins are the 'high mobility group' proteins HMG-1 (9) and HMG-I(Y) (10, 11) and histone H1 (12, 13) . The properties of these proteins have been recently reviewed (8, (14) (15) (16) . HMG-I(Y) shows preference for the narrow, deep minor groove of A-T-rich B-form sequences, while HMG-1 and H1 bind in a sequence-independent manner. Histone H1 and its variants (e.g. H5, H1_, etc.) are lysine-rich proteins that associate with the linker DNA of chromatin (reviewed in 8). All three proteins recognize DNA of distorted structures and can induce structural changes to DNA upon binding (12, (17) (18) (19) (20) . Both HMG-1 and HMG-I(Y) have been shown to participate in recombination events, including viral integration (21) (22) (23) (24) (25) (26) (27) , and to act as architectural transcription factors in the positive and negative regulation of gene expression (reviewed in 15, 16) .
In contrast to the similar properties described above, HMG-1, H1 and HMG-I(Y) have distinct DNA-binding motifs. The HMG-1 protein binds to the minor groove of B-form DNA in a sequence-independent fashion through two similar DNA-binding domains known as 'HMG-1 boxes' (reviewed in 14, 15) . Linker histones interact with DNA through a single centrally located, highly conserved globular domain; the globular domain of histone H1 (GH1) consists of three α-helices and a C-terminal β-hairpin turn that fold into a triangle-shaped structure referred to as the 'winged helix' motif (28) (29) (30) . The winged helix motif primarily contacts the major groove of DNA through α-helix III, the so-called 'recognition helix' (31) (32) (33) . In addition to this primary binding site, the histone H1 globular domain has also been suggested to contain a second DNA-binding region located on the opposite side of the winged helix from helix III (30, 34, 35) . HMG-I(Y) proteins contain three independent DNA-binding domains known as 'A·T-hooks' which recognize the structure of A·T-rich duplex DNA, rather than nucleotide sequence. In solution the A·T-hook peptide is relatively unstructured but, as demonstrated recently by NMR studies (36) , assumes a distinctive crescent shape when bound to the minor groove of appropriately shaped DNA substrates.
The unusual topological organization of 4H DNA provides a useful model for investigating how the quite distinct DNA-binding peptide motifs of these three proteins specifically interact with the same irregular DNA substrate. It is known that histone H1, HMG-1 and HMG-I(Y) bind to 4H DNA with very different affinities and also exhibit a mutually exclusive interaction with this substrate in vitro (6, 11) . However, the molecular basis underlying these distinctive binding characteristics remains to be elucidated. Here we report the first high definition hydroxyl radical footprinting of both HMG-1 and the globular domain of histone H1 on 4H DNA and compare these sites of base pair resolution contact with those previously reported for HMG-I(Y) on the same substrate. These studies clearly demonstrate that the HMG-I(Y), HMG-1 and histone H1 proteins each exhibit a unique pattern of nucleotide contacts with the 'open' conformation of 4H DNA. The data also indicate that a limited number of common nucleotide contacts are shared by all of the proteins on each of the arms of the 4H DNA close to the branch point. In addition, we investigated the directionality of binding of the HMG-I(Y) protein to 4H DNA by employing a chemical cleavage reagent attached to a specifically modified amino acid residue at the C-terminal end of the protein and show that the HMG-I(Y) protein binds to this substrate in one preferred polar orientation. Together the results suggest attractive molecular explanations for many of the observed 4H DNA-binding properties of these different proteins and also provide a structural basis for critically assessing various models for the interaction of HMG-I(Y), HMG1 and H1 with 4H DNA. The biological implications of these results are discussed in terms of possible participation of HMG-I(Y), histone H1, HMG-1 and 4H-like DNA structures in such in vivo processes as genetic recombination, DNA repair, chromosome rearrangements and viral integration events.
MATERIALS AND METHODS

Preparation of four-way junction (4H) DNA
Four synthetic oligonucleotides, previously described by Bianchi (37) , were used to create 4H DNA substrates. The sequences of these are: 1, 5′-CCCTATACCCCTGCATTGAATTCCAGTCTGATAA; 2, 5′-GTAGTCGTGATAGGTGCAGGGGTTATAGG; 3, 5′-AACAGTAGCTCTTATTCGAGCTCGCGCCCTATCACG-ACTA; 4, 5′-TTTATCAGACTGGAATTCAAGCGCGAGCTCGAATA-GAGCTACTGT.
The oligonucleotides were synthesized using an Applied Biosystems DNA synthesizer with subsequent purification by electrophoresis (11) . 4H DNA was created by dissolving 3.2 pmol of each oligonucleotide in 100 µl of annealing buffer (10 mM Tris, pH 7.2, 50 mM NaCl, 10 mM MgCl 2 ), heating the mixture to 95_C, followed by slow cooling to room temperature. Prior to annealing, one of the four oligonucleotides was 5′-end-labeled using T4 kinase and [ 32 P]ATP as described (38) . In the text the different arms of the four-way junction are identified by the oligonucleotides which are annealed together in that arm. For example, arm (1:2) identifies the duplex region of the 4H DNA composed of oligonucleotides 1 and 2, etc.
Production and purification of proteins
HMG-1 protein was purified from calf thymus and fractionated using a polybuffer BPE-94 column as described in detail by Adachi et al. (39) . The recombinant globular domain of Xenopus laevis histone H1 (originally designated NGH1_ and here designated GH1) was a generous gift from Dr Jeffrey Hayes (40) . Recombinant human HMG-I(Y) was prepared as previously described by Nissen et al. (41) .
Electrophoretic mobility shift assays
Electrophoretic mobility shift assays (EMSAs) were performed as previously described (11) by incubating either 80 or 160 fmol of labeled 4H DNA with the target protein at room temperature in a total volume of 20 µl protein binding buffer (10 mM Tris-HCl, pH 8.0, 1 mM EDTA, 25 mM NaCl, 0.28 µg sheared salmon sperm DNA, 2.8 µg BSA). Glycerol was then added to 2% final concentration and the samples were loaded onto a 0.5× TBE, 6.5% polyacrylamide (29:1 bisacrylamide) gel (0.75 mm thick, 10 × 10 cm). Samples were electrophoresed at 150 V (15 V/cm) for 1 h, after which the gels were dried on Whatman filter paper and exposed to either Amersham hyperfilm or to a Molecular Dynamics (Sunnyvale, CA) PhosphorImager screen. Visual reproductions of the gels were created using a Textronix Phaser 440 printer.
Hydroxyl radical footprinting and copper-phenanthroline cleavage
Hydroxyl radical footprinting of the HMG-1, HMG-I(Y) or GH1 proteins bound to 4H DNA in a 1:1 stoichiometric ratio was carried out following published protocols (42) with the following modifications. Briefly, each 35 µl reaction mixture containing 100 fmol of 4H DNA, 32 P 5′-end-labeled on one arm, was incubated at room temperature for 10 min with (or without) the target protein (10 ng) in the reaction buffer (10 mM Tris, pH 7.8, 50 mM NaCl, 1 mM EDTA, 5 µg/ml salmon sperm DNA and 5 µg/ml BSA) in the bottom of an Eppendorf centrifuge tube. Subsequent hydroxyl radical cleavage was carried out by mixing 5 µl each of (i) a freshly prepared mixture of 0.1 mM Fe(II) and 0.2 mM EDTA, (ii) 10 mM ascorbate and (iii) 0.3% hydrogen peroxide together in a drop on the side of the reaction tube followed by immediate vortexing to mix the drop with the DNA solution in the bottom of the tube. The cleavage reaction was incubated at room temperature for exactly 2 min and stopped by addition of 5 µl of either glycerol or 100 mM thiourea. To demonstrate the formation of a 1:1 complex of test protein:4H DNA, prior to the hydroxyl cleavage reaction 5 µl of each DNA/protein mixture was removed and immediately analyzed by EMSA. Following proteinase K digestion (50 ng/µl, 30 min, 37_C), the footprinted samples were cooled on ice, extracted once with an equal volume of phenol/chloroform/isoamyl alcohol (49:50:1) and the resulting aqueous phases were passed through a Sephadex G-25 spin column (previously equilibrated with H 2 O). Eluants from the G-25 columns were dried, resuspended in 20 µl of 100% deionized formamide containing 0.01% xylene cyanol dye and placed in boiling water for 5 min. Sample aliquots (containing equal amounts of radioactivity) were loaded onto a pre-run 12% polyacrylamide sequencing gel (12:1 bisacrylamide, 1.0× TBE, 7 M urea). The gels were electrophoresed at 1800 V (∼90 W) for 1.25 h, fixed for 15 min in 10% acidic acid and 10% methanol, dried on Whatman filter paper and exposed to a Molecular Dynamics PhosphorImager screen. The densities of individual radioactive DNA bands were quantified using the program ImageQuant Peakfinder (Molecular Dynamics Corp., Sunnyvale, CA) and the individual peaks were deconvoluted and quantitatively analyzed using the program Peakfit (Jandel Scientific Corp., Corte Madera, CA). Further analyses, overlays and comparative plots were performed using the Excel program (Microsoft Corp.).
The methods of Pan et al. (43) were employed for determining the direction of binding of HMG-I(Y) to 4H DNA. Specifically, a 1,10-orthophenanthroline copper(II) chemical cleavage complex (OP-Cu) was covalently attached to a cysteine residue at the C-terminal end of a recombinant HMG-I(Y) protein (designated HMG-I∆E91) whose negatively charged C-terminal tail had been removed by in vitro mutagenesis (20) . The optimum cleavage conditions for the OP-Cu-conjugated protein (HMG-I∆E91-OP-Cu) bound to 4H DNA were determined empirically. After cleavage, the labeled DNA fragments were recovered and processed as described above. Maxam-Gilbert G-lane chemical cleavage products of control DNA fragments serve as reference standards in these experiments (38) .
Molecular modeling of the 4H DNA
Theoretical models of 4H DNA in the 'open' conformation were created with the program MolScript v.2.02 (Avatar Softeware AB, Stockholm, Sweden) by 'growing' the four helical arms of the 4H DNA separately and then joining them at the branch point. The molecular protein structures used in the protein:DNA models were from published sources as follows: the solution NMR structure of the HMG-I(Y) A·T-hook DNA-binding domains (i.e. BDII and BDIII) (36) ; the X-ray crystal structure of the globular domain of histone H5 (30) . 'Atomic scale' models of the protein peptides were visually oriented on the 4H DNA by maximizing the number of protein-DNA contacts as determined by hydroxyl radical footprinting. It is important to note that these molecular models do not incorporate known protein-induced changes in 4H DNA structure following binding (see Discussion).
RESULTS
Hydroxyl radical footprinting of HMG-1 on 4H DNA
Although a number of theoretical models of the potential structure of HMG-1 box:4H DNA complexes have been proposed (13, 44) , no detailed molecular information is currently available concerning the actual points of physical contacts made by any HMG-1 box protein with 4H DNA. To precisely define such contacts, we used a modified hydroxyl radical footprinting procedure to determine the binding sites of the HMG-1 protein on the 'open' conformation of a model 4H DNA substrate at single nucleotide resolution. For these experiments, 4H DNA radiolabeled on the 5′-end of one of its four oligonucleotide strands was subjected to hydroxyl radical cleavage in either the absence (naked) or presence (footprint) of bound HMG-1 protein. The resulting DNA fragments were electrophoretically separated on a sequencing-type denaturing polyacrylamide gel and the patterns of radiolabeled cleavage products were quantitatively analyzed. Figure To more precisely compare the differences in hydroxyl cleavage patterns between the control and HMG-1 protein-bound 4H DNA substrates shown in Figure 1B , PhosphorImager scans of lanes 2 (naked DNA) and 3 (DNA bound with HMG-1) were overlaid to produce Figure 1A . The dotted line in Figure 1A shows the scan of the naked DNA, whereas the solid line shows the scan of HMG-1-bound substrate. Variations in band intensities between the two lanes are visually observable as differences in peak heights and represent differences in protection from hydroxyl radical cleavage of free and protein-bound nucleotides. This relative degree of protection is quantifiable by comparison of the differences in the integrated areas under the individual peaks in the free and protein-bound substrates (data not shown). The parallel solid line between Figure 1A and B indicates the points of physical contact between the HMG-1 protein and individual nucleotides on oligonucleotide 1 of the 4H DNA that were consistently observed in multiple independent experiments. The crossover junction, or branch point, of the 4H DNA substrate is indicated by the vertical arrow between the panels. From the results shown in Figure 1A and B, we conclude that the HMG-1 protein specifically protects individual nucleotides of oligonucleotide 1 close to, and including, the 4H DNA branch point.
Similar footprinting experiments with HMG-1 were performed with 4H DNAs containing individually 5′-radiolabeled oligonucleotides 2, 3 or 4. The results of numerous such experiments in which a single HMG-1 molecule was bound to 4H DNA are incorporated into the composite footprinting diagram shown in Figure 5 . Only those points of physical contact consistently observed between the HMG-1 protein and specific nucleotides on individual arms of the substrate are indicated by solid black lines. From this diagram it is evident that a single bound HMG-1 protein molecule protects 4H DNA across, and asymmetrically around, the branch point by binding to extensive regions on arms (1:4), (3:4) and (2:3), but to only a limited region at the base of arm (1:2). The reason for this unexpected asymmetric protection pattern remains to be elucidated but is, perhaps, most simply explained by the binding of a single HMG-1 protein (which contains two independent 'HMG-1 box' DNA-binding motifs) to the 4H DNA substrate in one preferred directional orientation (see below for discussion). In any case, it should be emphasized that the modified hydroxyl footprinting technique used in these experiments allows for analysis of all of the nucleotides in the 4H DNA molecule except for approximately three residues at the distal ends of each of the nucleotide arms. This high degree of resolution is essential for unequivocally demonstrating that the HMG-1-protected region on this substrate is both asymmetric and does not extend to the ends of any of the 4H DNA arms.
Directional binding of HMG-I(Y) on 4H DNA
OP-Cu is an efficient chemical nuclease that cleaves the phosphodiester backbone of DNA or RNA under physiological conditions by oxidation of deoxyribose or ribose sugars (45) . Covalent attachment of an OP-Cu moiety to a specific amino acid residue at a known position in a protein followed by binding of the derivatized product to a DNA substrate under reactive conditions results in strand scission in the local vicinity of the OP-Cu attachment site. Analysis of the resulting pattern of DNA cleavage products allows determination of both the position and orientation of the bound protein (43, 46, 47) . Unfortunately, such a position-specific cleavage strategy using OP-Cu is not readily applicable for directly determining whether the HMG-1 protein binds to 4H DNA with a distinctly polar orientation, as the asymmetric footprint in Figure 5 suggests, since all known vertebrate HMG-1 proteins contain numerous cysteine residues (48) and thus cannot be easily derivatized at only a single position with the chemical cleavage reagent.
Using hydroxyl radical footprinting we have recently demonstrated (11) that a member of a different HMG protein family, HMG-I(Y), also binds to the arms of 4H DNA in a distinctly asymmetric manner (Fig. 5) , suggesting that it, like HMG-1, might also bind to this substrate with a specific directional orientation. The possibility that both of these proteins may be behaving similarly in this respect is not entirely surprising considering the suggestion that the DNA-binding domains of the HMG-1 and HMG-I(Y) proteins are likely evolutionarily related (15) owing to the fact that the A·T-hook DNA-binding motif of the HMG-I(Y) protein has both extensive amino acid sequence identity with and structural similarity to the extended N-terminal peptide segments of the HMG-1 boxes present in the wild-type HMG-1 protein (36, (49) (50) (51) . Results of peptide domain swap experiments between the DNA-binding domains of the HMG-1 and HMG-I(Y) proteins are entirely consistent with the evolutionary relatedness of these two proteins (52) . For these reasons, and due to the fortuitous lack of cysteine residues in the wild-type HMG-I(Y) protein, we used a site-specifically mutated and OP-Cu-derivatized HMG-I(Y) protein to determine whether this protein binds to 4H DNA with a preferred directional orientation. In these experiments an OP-Cu cleavage moiety was covalently attached to a unique cysteine residue at the C-terminal end of a truncated recombinant HMG-I(Y) protein, known as HMG-I∆E91, whose negatively charged C-terminal tail had been removed by in vitro mutagenesis (20) . Important for the interpretation of these experiments, we have previously demonstrated that the HMG-I∆E91 protein specifically binds to both naked DNA (20, 36) and to isolated nucleosomal core particles (53) in the same manner and with the same substrate specificity as the full-length wild-type recombinant HMG-I(Y) protein.
In a series of footprinting experiments, the HMG-I∆E91-OP-Cu protein adduct was bound in a 1:1 molar complex (see for example Fig. 2C ) to various 4H DNA molecules containing different 5′-radiolabeled oligonucleotides and the resulting protein-DNA complexes were subjected to chemical cleavage reactions. Figure 2A (lane 4) shows that HMG-I∆E91-OP-Cu cleavage of 4H DNA (radiolabeled on the 5′-end of oligonucleotide 4) results in the generation of a limited number of specific and prominent scission products (identified by solid circles) that flank the branch point of the molecule (indicated by the arrowhead). In contrast, in the absence of any bound protein, exposure of this same 4H DNA to either free OP-Cu reagent (lane 3) or to free hydroxyl radicals (lane 2) results in the generation of numerous cleavage bands that are spread throughout the length of the gel lanes. These cleavage bands arise from scission of each nucleotide within the DNA substrate by the free chemical reagents. These control, 'free in solution' cleavage reactions demonstrate two important points. First, the pattern of cleavage bands generated by the freely diffusable hydroxyl radicals (lane 2) differs markedly from that produced by free OP-Cu (lane 3). As expected, free hydroxyl radicals cleave the substrate DNA at each nucleotide in a more or less uniform manner whereas the free OP-Cu reagent, whose intensity of cutting (i.e. rate of cleavage) depends on local triplet nucleotide sequences with minor grooves that vary in their degree of complementarity to the structure of the bound tetrahedral [OP] 2 Cu + complex (46, 47) , shows much more variability in cleavage along the length of the DNA. Second, the bands that are prominent in lane 4 also show slightly enhanced cutting in lane 3. Nevertheless, when intensities of bands are compared, it is obvious that the patterns of cleavage generated by the free reagents are quite different from the distinct, and regionally localized, major DNA cleavages generated by the OP-Cu moiety when it is tethered to the HMG-I∆E91 protein (lane 4). The background cleavage bands seen in Figure 2A (lane 4) result from either low levels of free hydroxyl radicals generated in the reaction by trace contaminants (46, 47) and/or are caused by the presence of low amounts of non-conjugated free OP-Cu reagent in the solution. If the reaction buffer solution was completely devoid of these trace contaminants, only the site-specific cleavages resulting from the bound OP-Cu-conjugated protein would be observed (46, 47) . Importantly, the specific DNA cleavages associated with the protein-tethered OP-Cu reagent are still readily distinguishable above this non-specific background. Since the OP-Cu reagent is covalently attached to the C-terminus of the HMG-I∆E91 protein in this experiment, we interpret this non-random, spatially restricted distribution of prominent cleavage bands (lane 4) on the labeled oligonucleotide as reflecting the fact that HMG-I(Y) binds to the 4H DNA substrate with a distinct directionality.
To further investigate the apparent directional specificity of binding of the HMG-I(Y) protein, additional cleavage experiments were performed in which HMG-I∆E91-OP-Cu was bound to 4H DNA substrates that had been individually radiolabeled at the 5′-ends of the other three oligonucleotides. Figure 2B shows the In contrast to the distinct OP-Cu cleavage patterns obtained when derivatized HMG-I(Y) protein was bound to 4H DNA labeled on either oligonucleotide 4 ( Fig. 2A) or 1 (Fig. 2B) , when the HMG-I∆E91-OP-Cu protein was bound to 4H DNA substrates containing either radiolabeled oligonucleotide 2 or 3 only non-specific cleavage bands were observed (data not shown). These negative results serve to reinforce the significance of the specific cleavage patterns observed with oligonucleotides 1 and 4. In addition, these results also strongly suggest that the C-terminal end of the HMG-I∆E91-OP-Cu protein, when bound to 4H DNAs containing either labeled oligonucleotide 2 or 3, was not in close enough proximity to induce specific cleavages in either of these labeled DNA strands (data not shown). Figure 5 diagrams a planar representation of the 4H DNA oligonucleotide sequence and shows the points of preferential chemical cleavage (indicated by lines emanating from stars) observed when the C-terminal derivatized HMG-I∆E91-OP-Cu protein is bound to this substrate compared to the previously identified sites (gray shaded bars) of physical interaction of the wild-type HMG-I(Y) protein bound to the same 4H DNA as determined by hydroxyl radical footprinting (11) . This composite figure clearly illustrates the fact that the major sites of chemical cleavage are asymmetrically located on 4H DNA, occurring almost exclusively near the base of arm (1:4) with relatively little, if any, specific cleavage occurring elsewhere on the 4H DNA molecule. We interpret these data as indicating that the major cleavages on the 4H DNA occur at the nucleotides in closest proximity to the C-terminal tail of the derivatized HMG-I∆E91-OP-Cu protein with its reactive chemical moiety and therefore conclude that the HMG-I(Y) protein binds to 4H DNA with one strongly preferred directional orientation (see below).
Hydroxyl radical footprinting of the globular domain of histone H1 (GH1) on 4H DNA
Previous reports indicate that the centrally located globular domain of histone H1 specifically interacts with 4H DNA in the same manner as the intact histone H1 protein (7, 54) . To verify that the H1 globular domain (GH1, derived from Xenopus) used in the present experiments also behaves similarly to intact H1 proteins, we performed EMSAs in which increasing concentrations of recombinant GH1 were added to labeled 4H DNA followed by electrophoretic separation of the resulting protein:DNA complexes (Fig. 3) . The results of these experiments demonstrate that the GH1 peptide, like full-length histone H1 protein (11) , forms only a single protein complex with 4H DNA under our conditions. In addition, the K d for binding of the GH1 peptide to 4H DNA was determined to be ∼13 nM (data not shown), similar to values reported for the binding of both full-length H1 protein (∼16 nM) (11) and the globular domains of both histones H1 and H5 (7) from different species to 4H DNA.
It has been reported that the intact histone H1 protein, as well as the isolated GH1 globular domain, has two independent peptide surfaces for contacting both B-form duplex (17, 54) and 4H (35) DNAs. Little information is available, however, concerning the actual points of physical contact that these two peptide binding surfaces make with 4H DNA substrates. To obtain more information about these molecular contacts, we used hydroxyl radical footprinting to map the binding sites of GH1 on the open conformation of 4H DNA at single nucleotide resolution.
Hydroxyl radical footprinting reactions with GH1 bound to 4H DNA substrates that had each of the four different oligonucleotides individually radiolabeled were performed and the resulting cleavage patterns were quantitatively analyzed as described above for the HMG-1 protein. Figure 4 shows representative results obtained when either oligonucleotide 1 (Fig. 4A ) or oligonucleotide 2 (Fig. 4B) was end-labeled, assembled into 4H DNA structures, bound by one GH1 molecule and subjected to hydroxyl radical footprinting cleavage reactions. For comparative purposes, and to demonstrate the regions of the 4H DNA which are protected from hydroxyl radical cleavage by the GH1 protein, individual scans of both naked DNA (dashed lines) and protein-bound DNA (solid lines) were overlaid in both Figure 4A and B. In this figure the regions of the 4H DNA that consistently show the greatest differences between free and protein-bound molecules in various independent experiments are indicated by a solid bar below the scans. The arrows in the figure indicate the location of the branch points of the 4H DNA. In a similar manner, each of the other two strands of the 4H DNA were likewise independently radiolabeled, assembled into 4H DNA structures, bound to GH1 peptide and analyzed by hydroxyl radical footprinting. The composite results of these footprinting experiments are shown in Figure 5 , with the protected nucleotides indicated by cross-hatched bars. As can be seen in this figure, the footprint of GH1 covers regions of each of the four arms of 4H DNA starting about 1-2 nt from the branch point and extending outward along each arm. Importantly, in none of our numerous experiments did we observe data suggesting contacts of GH1 with any of the branch point nucleotides, indicating that the globular domain of H1 binds exclusively to the arms of the 4H DNA molecule near to, but not including, the crossover region. Comparison between the 4H DNA footprints of HMG-1, GH1 and HMG-I(Y) Figure 5 shows a composite diagram indicating the binding sites of HMG-1, GH1 and HMG-I(Y) (11) on 4H DNA as determined by hydroxyl radical footprinting. The white letters in black boxes indicate the nucleotides of the 4H DNA that are bound in common by HMG-1 (black bars), HMG-I(Y) (gray shaded bars) and GH1 (cross-hatched bars). Our previous competition analyses demonstrated that HMG-I(Y), HMG-1 and H1 compete for binding to 4H DNA in a mutually exclusive manner, suggesting that these three proteins share common binding sites on the 4H DNA substrate (11). However, simply because different proteins directly compete with each other for binding to a substrate does not necessarily indicate that they must share common binding sites on the substrate. Other possible explanations (e.g. steric hindrance considerations and/or protein-induced changes in substrate structure) might also account for such mutually exclusive binding properties. Thus, the footprinting results compiled in Figure 5 are significant because they unequivocally demonstrate that HMG-I(Y), HMG-1 and GH1 all bind to a limited number of common nucleotide binding sites present in each of the four arms of 4H DNA. The presence of such common binding sites, therefore, offers at least a partial explanation for the previously reported competition studies. These data likewise emphasize the important point that in 1:1 protein:DNA complexes, HMG-I(Y), HMG-1 and GH1 all bind in a unique manner at, or near, the branch point of 4H DNA in the open conformation and do not make any contacts near the distal ends of the arms. Furthermore, Figure 5 also illustrates the fact that whereas HMG-1 and HMG-I(Y) both bind asymmetrically to the arms of 4H DNA and make contacts with nucleotides across the branch point, the globular domain of histone H1 binds to each of the four arms of the 4H structure in a much more symmetrical fashion and does not make any contact with branch point nucleotides.
DISCUSSION
Over the last decade the conformation of 4H DNA has been rigorously characterized by a number of different experimental techniques (reviewed in [55] [56] [57] . These studies indicate that in the absence of bound protein, the overall structure of 4H DNA in solution is dynamic and shows a marked dependence on divalent cation concentrations. In the absence of Mg 2+ , 4H DNA adopts an 'open' conformation where the four duplex B-form arms are in a maximally extended configuration with both the major and minor grooves widening somewhat as they enter the open branch point. Recent X-ray crystallographic studies have demonstrated that both the λ phage Cre recombinase (58, 59 ) and the bacterial RuvA (60,61) proteins form co-complexes exclusively with the open form of 4H DNA. In contrast to the open configuration, in the presence of Mg 2+ the branch point is closed and the arms of the junction co-axially 'stack' into an X-shaped structure creating two continuous strands and two exchanging, or non-continuous, strands. The arms of 4H DNA in both the stacked X (55) and the This asymmetric footprint suggests that the wild-type HMG-1 protein, which has two independent HMG-1 'box' DNA-binding domains, preferentially binds to 4H DNA in one predominant orientation. Since all HMG-1 box-containing proteins bind to 4H DNA with high affinity, but without apparent substrate sequence specificity (14, 15, 36, 37, 62) , it seems likely that such biased binding results from preferential recognition by the HMG-1 protein of some (as yet unidentified) asymmetric structural feature of the 4H DNA itself. Nevertheless, some insight into how the HMG-1 protein might be binding to 4H DNA comes from studies of a co-complex of the human testis-determining protein SRY (40) , which contains a single HMG-1 box, with a DNA substrate (63) . When the HMG-1 box of SRY binds to the minor groove of B-form DNA, it partially unwinds the DNA strands, widens the groove and concomitantly induces a pronounced bend in the substrate. It has been proposed that the branch point nucleotides of 4H DNA resemble this bent duplex DNA structure induced by binding of HMG-1 box proteins (63) . The hydroxyl radical footprint data summarized in Figure 5 , demonstrating that most of the branch point nucleotides of the 4H DNA are protected by HMG-1 protein, are entirely consistent with this suggestion. However, since the wild-type HMG-1 protein contains two independent DNA-binding domains, its mode of interaction with 4H DNA to produce the asymmetric protection pattern shown in Figure 5 is considerably more complex than previously studied examples and the precise details of this association remain to be elucidated.
Strong indirect support for polar binding by wild-type HMG-1 protein to 4H DNA comes from studies of HMG-I(Y), a protein that also binds to 4H DNA with a distinctly asymmetric footprint and which does, indeed, bind with a preferred directional orientation (Figs 2, 5 and 6A; see below). As noted previously, the extended N-terminal peptide segments of the HMG boxes of the HMG-1/-2 class of proteins have both extensive amino acid sequence identities and structural similarities to the A·T-hook DNA-binding motif of the HMG-I(Y) protein (36, (49) (50) (51) . Given such close similarities it is not surprising that the HMG-1 protein, like HMG-I(Y), binds asymmetrically to 4H DNA, probably as a result of preferred directional binding.
The shown oriented between two arms of 4H DNA to illustrate one possible way (out of several) in which the globular domain could 'dock' with the 4H DNA and account for the hydroxyl footprint on those two arms. The composite footprint of GH1 on 4H DNA shown in Figure 5 is proposed to result from a mixed population of 1:1 GH1:DNA complexes in which individual GH1 peptides randomly bind to different pairs of arms in a mutually exclusive manner. Such mutually exclusive binding could result from GH1-induced structural changes induced in the 4H DNA substrate (for simplicity, these alterations in the 4H DNA are not shown in this diagram) that both maximize the strength of protein:DNA interaction and also prevent subsequent binding by a second GH1 peptide to the complex (see text). The dot marks the 5′-end of oligonucleotide 1.
histone H1 does not interact with the crossover nucleotides of the 4H DNA molecule but, rather, binds to the arms of 4H DNA with a fairly symmetrical arrangement around the branch point.
Research by others has demonstrated that histone H1 has a high affinity for DNA crossover structures like those found in supercoiled molecules (17, 54) and in 4H DNA (7, 11) . Furthermore, electron microscopy of the globular domain of H1 incubated in the presence of duplex DNA reveals tramline-like structures of proteins sandwiched between two DNA strands, suggesting that the globular domain of H1 is able to simultaneously contact two DNA strands via two separate binding surfaces (64) . Mutation of the putative second DNA-binding surface of the globular domain abolished the formation of the tramline-like structures as well as its affinity for 4H DNA (35) . Together these results indicate that both of the DNA-binding surfaces of the globular domain are necessary for H1 to bind simultaneously to two duplex DNA strands or to 4H DNA. Another relevant observation is that histone H1 has a lower affinity for 4H DNA in the presence of Mg 2+ than in its absence (7) , suggesting that H1, like HMG-1, prefers to bind to the open conformation of 4H DNA rather than to the closed, or stacked X, conformer. Based on this and other information, Zlatanova and van Holde (13) have proposed that histone H1 exhibits an 'interior mode' of binding to 4H DNA, i.e. that the two DNA-binding domains of the globular domain of the H1 protein contact the concave, or 'inside', surface of 4H DNA molecules. Such an interior mode of binding of H1 on 4H DNA predicts that GH1 will make contacts with regions of DNA on adjacent arms of the substrate. The footprinting data summarized in Figure 5 for GH1 are consistent with this proposal and clearly demonstrate that the globular domain of H1 binds to the arms of the 4H DNA very near, but not including, the branch point nucleotides. Such dual site binding is in agreement with a previous report demonstrating that both DNA-binding surfaces must be intact in order for GH1 to bind to 4H DNA (30) . Since α-helix III is the primary major groove DNA-binding surface of other winged helix proteins (reviewed in 31), it is likely that α-helix III of GH1 also binds in the major groove of 4H DNA.
The model shown in Figure 6B shows one possible docking of the H1 globular domain in which a major and minor groove of 4H are contacted; other interactions, including contacts with only major grooves, are possible. Given such an association, an attractive explanation for the nearly symmetrical footprinting pattern on the arms of 4H is as follows: the protected regions are, in reality, the composite result obtained when individual GH1 molecules randomly bind to different pairs of arms in a mutually exclusive manner resulting in a mixed population of GH1:DNA complexes in a 1:1 molar association (Fig. 3) . Such mutually exclusive binding could result from structural changes induced in the 4H DNA substrate by binding of the GH1 peptide. For example, as schematically shown by the 'to scale' molecular diagram in Figure 6B , the GH1 peptide could bind between two adjacent arms of the 4H DNA molecule resulting in an induced structural change in the substrate that both maximizes the strength of this protein:DNA interaction and also prevents subsequent binding by a second GH1 peptide to the complex (e.g. by bringing the two adjacent protein-bound arms together and widening the distance, or distorting the angle, between the other two, distal, non-bound arms; 65). Such a structurally dynamic situation is not adequately illustrated by the static diagram in Figure 6B , which illustrates only one of several possible modes of binding by a single GH1 peptide and also fails to indicate possible structural changes in the 4H DNA induced by peptide binding. Direct support for binding-induced structural alterations comes from EMSA experiments which demonstrate that 4H DNA:histone H1 complexes exhibit an anomalous electrophoretic migration behavior on gels, consistent with protein-induced changes in the DNA substrate conformation (65) .
The combined footprinting results shown in Figure 5 indicate that HMG-I(Y), HMG-1 and H1 share common binding sites on 4H DNA, thus partially explaining the observed mutually exclusive binding and competition by these proteins for this substrate. Nevertheless, the nature of each footprint indicates not only that each protein binds to 4H DNA in a different way but also suggests that the proteins recognize slightly different structural features of the 4H DNA and/or introduce distinctly different structural alterations in their respective protein:DNA complexes.
The present findings have important implications concerning the possible in vivo roles of HMG-I(Y), histone H1 and HMG-1 in various biological processes. For example, the uniqueness of each protein's interactions with 4H DNA suggests that the individual proteins likely serve different structural roles and/or perform different functions in cellular events such as genetic recombination, immunoglobulin V(D)J gene rearrangements or integration of retroviruses into host cell genomes. Experiments are currently in progress to investigate these possibilities.
